Evidences of merging in the Seyfert galaxy NGC 3393 revealed by
  modelling the spectra by Contini, M.
ar
X
iv
:1
20
6.
30
60
v1
  [
as
tro
-p
h.G
A]
  1
4 J
un
 20
12
Mon. Not. R. Astron. Soc. 000, 1–?? (2009) Printed 20 November 2018 (MN LATEX style file v2.2)
Evidences of merging in the Seyfert galaxy NGC 3393
revealed by modelling the spectra
M. Contini
School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
Accepted: Received ; in original form 2010 month day
ABSTRACT
The discovery of two active black holes in the Seyfert galaxy NGC 3393, separated by
about 490 light years, revealed a merging event. This led us to look for other evidences
of galaxy collision and merging through the analysis of the observed spectra in different
frequency ranges. We found preshock densities higher by a factor of about 10 in the
NGC 3393 NLR than in other AGN and patches of ionized matter beyond the observed
NLR bulk. They can be explained by compression and heating of the gas downstream
of shock waves created by collision. Metallicity in terms of the O/H relative abundance,
is about 0.78 solar. Mg/H depletion by a factor of about 3 compared with solar cannot
be explained by Mg trapping into dust grains, due to rather high shock velocities. The
low O/H and Mg/H abundances indicate mixing with external matter during collision.
Twice solar N/H is predicted by modelling the spectra of high shock velocity clouds
reached by a T∗ 6 10
5 K black-body flux. This suggests that Wolf-Rayet stars could
be created by galaxy collision in the central region.
Key words: radiation mechanisms: general — shock waves — ISM: abundances —
galaxies: Seyfert — galaxies: individual: NGC 3393
1 INTRODUCTION
The new galaxy which results from collision of galaxies or
from collision of a galaxy with the ISM keeps a few records
of the parent objects. The most obvious evidence is the mul-
tiple (generally double) AGN when at least two objects are
involved. Yet, also the morphological and physical pictures
across the product galaxy show collisional processes involv-
ing gas and dust clouds, from supersonic flows throughout
the galactic medium, up to star birth and powerful star-
bursts, depending on the characteristics of the colliding par-
ents. Theoretical simulation and modelling (e.g. Cox et al
2008 and references therein, Hammer et al, 2010) were con-
firmed by the observations of some mergers such as Arp 220,
NGC 6240, NGC 7212, etc.
In Seyfert galaxies the ranges of pre- and post-shock
densities and of shock velocities may show some traces of
collision in some regions inside and outside the narrow line
region (NLR) cone (e.g. for NGC 7212, Contini, Cracco,
Ciroi 2012). An important issue is related with metallic-
ity, which depends on mixing with external matter enclosed
by merging, new relative abundances of elements ejected by
starbursts, gas trapping into dust grains and matter from
regions close to the AGN accompanying the outward wind
(Torrey et al 2012). Sub-solar and over-solar relative abun-
dances are both predicted.
Recently, Fabbiano et al (2011) reported the presence of
two active massive black holes, separated by about 490 light
years, in the Seyfert galaxy NGC 3393. They claim that the
observation of two black holes very close and located deep
into the bulge of a regular spiral galaxy, is important to
understand AGNs in general and merging galaxies in par-
ticular.
NGC 3393 was observed by Fabbiano et al (2011)
with the Chandra X-ray Observatory camera ACIS-S on
28 February 2004 (ObsID 4868 for 29.7 kiloseconds) and 12
March 2011 (ObsID 12290 for 70kiloseconds). Two obscured
AGNs appear in the central regions of NGC 3393. They are
most probably powered by mass accretion. The lower lim-
its of the black hole mass are ∼8.105 M⊙ and ∼10
6 M⊙ for
the NE and SW sources, respectively (Fabbiano et al. 2011).
Simulation results show that the massive black hole separa-
tion and the appearance of the spiral arms created by the
merger, could resemble those of NGC 3393 after about five
billion years from collision (Mayer et al. 2007).
The new discovery turned NGC 3393 into an interesting
target to test merging phenomena.
NGC 3393 is a close (z = 0.0125), bright (mB = 13.1; de
Vaucouleurs et al. 1991) Seyfert 2, classified as an early type
barred galaxy, appearing face-on. It is located in the out-
skirts of the Hydra cluster (de Vaucouleurs et al. 1991), cov-
ering more than an arcminute on the sky. Cooke et al (2000)
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derived from the redshift a scale of 180 h−1 pc arcsec−1 (h
= H0/100 km s
−1 Mpc−1). Cid Fernandes et al. (2004) give
a linear scale of 242 pc/ arcsec.
The strong emission lines in the IUE spectrum sug-
gested that modelling could lead to interesting results, there-
fore Diaz, Prieto, Wamsteker (1988) presented the inte-
grated fluxes of optical and UV spectra providing a first
hint to the physical conditions in the nuclear region. Cooke
et al. (2000) explored the NGC 3393 NLR, on the basis of
the characteristic HST image.
IRAS fluxes from NGC3393 (Moshir et al. 1990) yield
a total IR luminosity of 1010 L⊙ and a dust mass of ∼ 5
105 M⊙ . If the IR flux is due only to star formation, a star
formation rate of ∼ 4 M⊙ yr
−1 on kpc scale is predicted
(Veilleux 1994), corresponding to a rather low star formation
efficiency. Fabbiano et al. (2011) claim on the basis of lack
of young stars in the central region of the galaxy that the
double black hole located deep in the bulge of the NGC 3393
AGN results from a minor merger event.
NGC 3393 is a source of a water maser which is the only
resolvable tracer of warm dense molecular gas in the inner
parsec (Kondratko et al 2008).
Radio emission at 13 cm taken by the Australia Tele-
scope Compact Array, shows an outflow from the nucleus,
not coincident with spiral arms or a bar (Bransford et al.
1998). The expanding radio lobes sweep up, shock, and ac-
celerate gas into shells (Pedlar et al 1985) which are frag-
mented by RichtmyerMeshkov instability due to the under-
lying turbulence near the shock front. Aligning the VLA
radio and HST optical central sources, Cooke et al. found
that the [OIII] and radio images superpose. The coincidence
of radio and optical emission features indicates that shocks
are at work.
Long slit spectroscopy (Whittle et al 1988) has con-
firmed morphological and kinematic association between the
radio lobes and the line-emission gas in Seyfert galaxies.
Therefore, the high excitation gas extending beyond the ra-
dio source observed by Cooke et al. (2000) in NGC 3393 will
be interpreted as a record of the galaxy collision. Whichever
the case, the spectra emitted by the clouds will account for
both the photoionizing flux (from the AGN and from the
stars) and shocks.
In this paper, we would like to investigate the role of
the AGN and of prominent stars and their location in NGC
3393, and to determine the range and distribution through-
out the galaxy of shock velocities and preshock densities.
In particular, we would like to calculate the relative abun-
dances to hydrogen of the heavy elements throughout the
galaxy, focusing on those identified with metallicity (e.g.
oxygen in the present case), because metallicity is affected
by star formation and by outflows of matter, i.e. by the in-
teractions between the forming galaxy and the intergalactic
medium (Sommariva et al 2011).
We will investigate NGC 3393 by modelling the emitted
spectra. Formation of shock waves is predicted in colliding
systems, therefore we adopt for the calculations the code
suma
1 which simulates the physical conditions of an emit-
ting gaseous nebula under the coupled effect of photoioniza-
tion from an external source and shocks.
1 http://wise-obs.tau.ac.il/∼marcel/suma/index.htm
The observations of the line spectrum of NGC 3393 by
Diaz et al (1988) and modelling results are described in Sect.
2. HST imaging and spectra, ground-based optical images,
long slit spectra presented by Cooke et al (2000) are re-
ported and interpreted in Sect. 3. The continuum spectral
energy distribution (SED) calculated consistently with the
line spectra is compared with the observations in Sect. 4.
Discussion and concluding remarks follow in Sect. 5.
2 THE COMBINED UV-OPTICAL-IR LINE
SPECTRUM
Diaz et al. (1988) presented a rich spectrum of emission lines
from NGC 3393, covering the 1200 and 7000 A˚ range. The
line ratios are characteristic of a Seyfert type 2. The UV
spectrum shows relatively strong lines, which will be useful
to constrain the models. Diaz et al thought, at that time,
that NGC 3393 was an early spiral (Sa) that most probably
did not have a quasi-stellar nucleus.
Using the low-resolution mode of IUE and its large aper-
ture (20”× 10”) Diaz et al (1988) detected a strong, flat
UV continuum source (Fλ = 1.7 × 10
−15 erg cm−2 s−1A˚−1)
spectrum. Comparing the IUE flux of He II 1640 with a
ground-based measure of the He II 4686 taken through a
4”× 4” aperture, they deduced a very low reddening of the
emission-line spectrum (E(B-V) 6 0.07, compared to E(B-
V) = 0.06-0.09 in the Galaxy). Yet, NGC 3393 is an IRAS
source, indicating the presence of warm dust (Boisson &
Durret 1986).
The optical spectrum was obtained with the Image Dis-
sector Scanner (IDS) attached to the Boller and Chivens
spectrograph at the Cassegrain focus of the European South-
ern Observatory (ESO), La Silla, 1.5m telescope in 1981.
The UV observations come from the International Ultra-
violet Explorer (IUE) in low dispersion mode through large
spectrograph aperture (SWP20148: 400 min, LWP 2844: 110
min and LWP 7602: 361 min).
The combined UV-optical spectrum presented by Diaz
et al shows many lines that will be used to find out the phys-
ical and chemical characteristics of NGC 3393 by modelling
the line ratios.
2.1 Modelling the line spectra
On the basis of the arguments previously mentioned, namely,
1) collision of matter originated at the galaxy encounter and
collision of NLR matter with the radio outflow from the
nucleus, 2) NGC 3393 contains two black holes in its active
centre and 3) stars and starbursts are generally observed in
mergers, we have run a grid of models which account for the
coupled effect of shocks and photoionization (the primary
flux) in both the cases of radiation from an active centre and
radiation from the stars. A brief summary of the calculation
code is given in the following (see also Contini et al 2009).
The input parameters: the shock velocity Vs , the
atomic preshock density n0 and the preshock magnetic field
B0 define the hydrodynamical field. They are used in the
resolution of the Rankine-Hugoniot equations at the shock
front and downstream. These equations are combined into
the compression equation which leads to the calculations of
c© 2009 RAS, MNRAS 000, 1–??
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Table 1. Comparison of calculated with observed line ratios to Hβ =1
line obs msd mpl mbb mAV mGB FOS
Lyα 25.7 127. 36. 30.6 35.4 - -
NV 1252 1.58 28.9 1.29 0.04 1.43 - -
SiIV]+ 1403 0.63 40. 0.87 0.00 1.7 - -
NIV 1486 0.26 8. 0.98 0.02 0.5 - -
CIV 1550 4.8 76.8 3.39 0.13 4. - -
HeII 1640 2.7 1. 4.5 1.88 2.3 - -
CIII] 1909 1.23 33.8 1.84 0.43 2. - -
NeIV] 2424 1.05 5.2 0.35 0.035 0.3 - 0.32
MgII 2789 0.78 2.38 0.5 2.27 2. - 0.33
[OII] 3727 1.9 3.3 1.5 1. 1.2 1.65 2.15
[NeIII] 3869+ 0.7 2.5 1.7 1.3 1.42 1.13 1.2
[OIII] 4363 0.13 1.53 0.17 0.06 0.14 0.10 0.09
HeII 4686 0.3 0.074 0.67 0.28 0.34 0.29 0.25
[NeIV] 4726 0.05 0.53 0.014 5.e-4 0.024 - -
[AIV] 4740 0.06 0.34 0.1 0.003 0.033 - -
Hβ 1. 1. 1. 1. 1. 1. 1.
[OIII] 5007+ 16.88 16.3 14.24 13.5 14. 13.6 13.56
[FeVII] 6087 0.19 1. 0.15 0.011 0.1 - -
[OI] 6300+ 0.33 0.5 0.137 0.33 0.3 0.41 0.5
[NII] 6584+ 6.15 2.75 6.3 3.4 4. 4.63 4.87
Hα 3.8 5. 2.9 2.9 3. 3.38 3.
[SII] 6717 0.9 0.11 0.033 0.37 0.3 1.89 -
[SII] 6731 1.25 0.25 0.073 0.8 0.65 ↑ -
[AIII] 7135 0.4 0.42 0.7 0.42 0.47 - -
[NeII] 12.8 - 0.9 0.076 0.04 - - -
[NeV] 14.3 42.41 0.3 0.22 0.014 - - -
[NeIII] 15.5 95.1 0.33 1.2 1.67 - - -
Hβ absolute flux 2 - 3.8e-3 4.5 0.59 1.24 - -
Vs (km s−1) - 300. 100. 600. - - -
n0 (cm−3) - . 1500. 3000. 300. - - -
F 3 - - 2.3e12 - - - -
T∗ (K) - - - 8.6e4 - - -
U - - - 1. - - -
D (cm) - 1.e16 4.9e16 1.e17 - - -
str4 - - 0. 1. - - -
RW - 0.886 0.003 0.111 - - -
p[OIII] - 4.8 77.4 17.8 - - -
1 in 10−21 W cm−2, from Wu et al. (2011) for the non hidden BLR Sy2 sample; 2 in erg cm−2 s−1;
3 in number of photons cm−2 s−1 eV−1 at the Lyman limit; 4 str indicates infalling (0) or outflow (1).
the density profile downstream. We adopt for all the models
B0=10
−4 gauss.
The input parameter that represents the radiation field
is the power-law (pl) flux from the active centre F in num-
ber of photons cm−2 s−1 eV−1 at the Lyman limit, if the
photoionization source is an active nucleus. The spectral in-
dices are αUV=-1.5 and αX=-0.7. F is combined with the
ionization parameter U by U= (F/(n c (α -1)) ((EH)
−α+1
- (EC)
−α+1) (Contini & Aldrovandi, 1983), where EH is H
ionization potential and EC is the high energy cutoff, n the
density, α the spectral index, and c the speed of light.
If the radiation flux is black body radiation from the
stars (bb), the input parameters are the colour temperature
of the star T∗ and the ionization parameter U (in number
of photons per number of electrons at the nebula).
In models accounting for the shock, another important
radiation source is the secondary diffuse radiation emitted
from the slabs of gas heated by the shocks at relatively high
temperatures.
The geometrical thickness of the emitting nebulaD, the
dust-to-gas ratio d/g, and the abundances of He, C, N, O,
Ne, Mg, Si, S, Cl, A, and Fe relative to H are also accounted
for. The distribution of the grain radius downstream is de-
termined by sputtering, beginning with an initial radius of
1. µm .
The sets of the model input parameters which best re-
produce the data are regarded as results. The data contain
errors both random and systematic and the calculation re-
sults depend on the uncertainties of the atomic coefficients
for 12 elements in all the ionization levels. Therefore, it
is generally accepted that the models would reproduce the
data within a factor of two.
The calculations start at the edge of an emitting cloud
which corresponds to the shock front. (see Contini et al.,
2012 for a detailed description of the calculation). Our mod-
els adopt a plane-parallel geometry.
The gas is compressed and thermalized adiabatically
at the shock front, reaching the maximum temperature
c© 2009 RAS, MNRAS 000, 1–??
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in the immediate post-shock region downstream : (T ∼
1.5× 105/(Vs/100 km s
−1)2). The downstream region is cut
into a maximum of 300 plane-parallel slabs with different
geometrical widths, which are calculated automatically, in
order to follow smoothly the temperature gradient.
Each line intensity calculated in each slab downstream
depends on the electron density, the electron temperature,
and the fractional abundance of the corresponding ion. The
density of the gas is calculated by the compression equation.
The fractional abundances of the ions is calculated resolv-
ing the ionization equations accounting for the primary flux
(the photoionization), the secondary flux and collisional ion-
ization. Both the flux from the active centre and from the
stars as well as the secondary radiation are calculated by
radiation transfer throughout the slabs downstream.
The ionization equations are coupled with the energy
equation for the calculation of the temperature in each slab.
T decreases downstream following the cooling rate by free-
free, free-bound and line emission, which are calculated in
each slab. The line fluxes and dust reprocessed radiation are
integrated throughout the geometrical thickness of the cloud
downstream.
We have calculated a large grid of models changing the
input parameters in a consistent way, namely by considering
the effect of each of them on the different line ratios, until
a fine tuning of all the line ratios to the data is obtained.
The calculated spectrum is finally selected comparing the
calculated with the observed line ratios in the optical range
and constraining the precision of the fit by discrepancies
which are set at 6 20 % for the strongest lines (e.g. Lyα ,
[OIII]5007+) and < 50% for the weakest ones.
2.2 Comparison of models with the observations
We start by modelling the observations of Diaz et al be-
cause many lines are given in a large frequency range. The
observed spectra are presented in Table 1. In the top of the
table the UV-optical line ratios to Hβ are shown, in the mid-
dle we report the [NeV] 14.3 and [NeIII] 15.6 IR line absolute
fluxes observed at Earth by Wu et al (2011). Notice, how-
ever, that in Table 1 the calculated line ratios are referred
to Hβ =1, while the observed IR spectral lines are absolute
fluxes, so we will constrain the models by the [NeV]/[NeIII]
line ratios, to avoid problems of distance, obscuration, etc.
In the bottom of Table 1 the models are described by the
set of the input parameters.
Before discussing the results, we would like to recall
that in our models the shocks are present also in radiation
dominated clouds. Moreover, we will account for the flux
from the stars, even if Diaz et al. claim that the UV emis-
sion comes from the nuclear region only and that NGC 3393
spectral type is late enough as to yield a negligible stellar
contribution in the UV.
Three grids of models were computed adopting power-
law photoionization + shock (mpl), black-body photoioniza-
tion + shock (mbb) and shock dominated (msd) clouds. The
models which best fit the data, are presented in Table 1.
The method adopted for modelling proceeds in two
main steps.
2.2.1 The physical parameters
First, we determine the physical conditions of the gas, adopt-
ing the most plausible relative abundances.
We start by calculating the line ratios of oxy-
gen from different ionization levels, [OIII]5007+/Hβ ,
[OII]3727+/Hβ and [OI]6300+/Hβ (the + indicates that
the doublet is summed up), which depend on the fractional
abundance of the ions and on Te and ne , and the [OIII]
5007+ /[OIII]4363 line ratio which depends strongly on
ne and Te. In fact, various oxygen lines are generally ob-
served in the optical range, and [OIII] 5007+ lines are the
strongest in Seyfert 2 galaxy spectra.
We try to reproduce the data by changing the input
parameters, in particular, F , Vs , and n0, considering that
n/n0 ranges between a minimum of 4 (the adiabatic jump)
and > 100, depending on Vs and B0, the temperature of the
gas depends on the shock velocity, and the photoionization
flux heats the gas to ∼ 2-3 104K and ionizes the gas.
However, the model cannot be definitive until a satis-
factory fit is found also for HeII/Hβ and for CIV/CIII] in
the UV. Both the He and Hβ lines depend directly on the ra-
diation flux from the active center (AC)(primary radiation)
in radiation dominated models, while they depend on sec-
ondary diffuse radiation in collisionally dominated regimes.
The consistent fit of the O, He, and C line ratios is
complicated by the fact that, changing one of the input pa-
rameters affects the cooling rate downstream. Consequently,
the stratification of the ions changes and the lines must be
recalculated by a different set of input parameters.
The nitrogen lines NV 1252, NIV] 1486 in the UV and
the doublet [NII] 6548+6584 in the optical range are also
important to constrain the models. However, we do not know
which of the lines of the NIV] multiplet is observed, so we
will refer to the sum of all the terms as an upper limit.
NV/[NII] depends on the reddening correction. In case of
relatively large FWHM of the line profiles, [NII] lines are
blended with Hα , increasing their uncertainty. The models
which give an acceptable approximation to the data were
run with N/H twice solar.
2.2.2 The relative abundances
The second step of our modelling method consists in com-
pleting the fit of all the line ratios by changing the relative
abundance of elements which appear in the spectrum by a
single line. Generally, these elements are not strong coolants,
namely, the corresponding lines are not strong enough to af-
fect the cooling rate downstream.
Lines such as MgII and [FeVII] are the unique represen-
tative of the respective elements, therefore they are modelled
on the basis of their relative abundance, after the physical
conditions of the emitting gas have been determined by the
line ratios previously mentioned (Sect. 2.2.1).
The [SII]6717 / [SII] 6731 line ratio depends particularly
on the density of the emitting gas. The [SII]/Hβ line ratios
depend on the geometrical thickness of the emitting cloud,
which is mainly determined by [OI]/Hβ . So the calculated
[SII]/Hβ can be adjusted to the observed ones by changing
the S/H relative abundance.
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The NGC 3393 merger 5
Table 2. UV line intensities
line obs corr mAV
Lyα 1215.7 374 440 885.
N V 1238.8 18 20 35.7
N V 1242.8 9 10 ↑
O I 1303 < 8 <8 -
C II 1335 < 2 < 2 -
Si IV 1397 < 12 < 12 42.5
O IV] 1402 6 18 6 18 ↑
N IV] 1486 < 3 < 3 12.5
C IV 1548.2 64 64 100.
C IV 1550.8 36 36 ↑
C IV . . . 100 100 100
? 1593.0 9 9 -
He II 1640.7 38 37 57.5
O III] 1663 < 7 < 6 -
N III] 1750 < 9 < 8 -
Si III] 1892.0 < 1 < 1 -
C III] 1908.7 34 34 50.
2.3 Results
2.3.1 AGN, star and shock dominated clouds
Model mpl was calculated considering that the power-law
radiation from the AGN reaches the shock front. In the op-
posite case, the radiation flux from the AC reaches the cloud
edge opposite to the shock front. This case has been checked
and has been dropped because many lines were unfitting, in
particular [OI]/Hβ >1.5. This result suggests that in NGC
3393 the NLR gas falls toward the black hole(s).
The absolute fluxes of [NeIII] and [NeV] observed by
Wu et al (Table 1) can be used to calculate the distance
of the emitting gas from the galaxy centre r. Combining the
observed flux at Earth with the flux calculated at the nebula
for [NeIII] which is a relatively strong line: Fobs d
2=Fcalc
r2f , where f is the filling factor, d the distance of NGC
3393 from Earth (d=54 Mpc, adopting Ho=70 km/Mpc)
and Fcalc= [NeIII]/Hβ × Hβ (absolute flux), r results ∼
23/f1/2 pc for clouds reached by the AGN radiation.
Table 1 shows that the most acceptable approximation
to the observed spectrum is obtained by model mpl. How-
ever, the [SII]/Hβ line ratios are very low compared to ob-
servations and the HeII/Hβ line ratio too high, indicating
that the flux from the AC required to fit the [OIII[/Hβ line
ratio is too high. Reducing the flux intensity, however, it will
spoil the fit of the oxygen lines from three ionization levels.
We check whether the contributions of a shock dominated
model msd, representing clouds screened from radiation or
too far to be reached, and of a model mbb accounting for
radiation from the stars, could help.
The mbb and the msd models were selected from grids
with the same criteria as those used to select mpl.
The best fitting mbb model refers to the case represent-
ing matter propagating outwards from the stars. The oppo-
site case was dropped due to unacceptable [OI]/Hβ (=0.02)
relative to the other oxygen line ratios, and very low
[SII]/Hβ . Stars can drive large-scale winds ejecting circum-
stellar gas. The winds and radiation fluxes from the stars
enrich and heat the neighbourhood medium, respectively.
The effective temperature of the stars which leads to
an acceptable fit of the calculated to the observed optical
spectrum of NGC 3393 (Table 1) is rather high, T∗ 6 10
5
K. Recall that Wolf-Rayet (WR) stars can reach much hotter
temperatures than main sequence stars. A T∗ 6 140,000 K
WC star can yield [NeIII]15.6/[NeII] 12.8 ∼ 10. Similarly, a
120,000 K WN star can reach [NeIII]/[NeII] = 100 (Rigby
& Rieke 2004). Unfortunately, we do not have the datum
of the [NII] 12.8 line (Table 1) to constrain the models. We
will see in the next section that these WR stars, ionizing
and heating the surrounding gas which is characterised by
relatively high Vs , nicely explain both the [OIII]/Hβ line
ratio (> 10) and the high FWHM observed in the centre of
the NGC 3393 galaxy (Fig. 2).
Cid Fernandes et al (2004, table 2) refer to star forma-
tion in Seyfert 2. They present model synthesis results which
show the percentage in flux at 4020 A˚ of the featureless
continuum, young, intermediate and old stellar populations.
They find for NGC 3393 a percentage of 83% for old stars
and of 4 % for young stars, in spite of Gu et al. (2006) claim
that, in general, the Seyfert 2 nuclear emission luminosity
is mainly due to young stars and that central starbursts are
found in merger Seyfert galaxies (e.g. NGC 6240).
2.3.2 Densities and velocities of the emitting gas
The pre-shock densities relative to model mbb are similar
to those found throughout other starburst galaxies (100-800
cm−3, Viegas et al. 1999). On the other hand, the model
representing the AGN, and that representing shock domi-
nated clouds, show pre-shock densities higher by a factor 6
10 than in the NLR of AGN (300-1000 cm−3, Contini et al
2004 and references therein) and in LINERs (100- 600 cm−3,
Contini 1997, table 3). This yields downstream densities of
> 104-105 cm−3 after compression, depending on Vs and B0.
We suggest that the high densities adopted in models mpl
and msd could be a record of merging.
The velocities throughout the NGC 3393 NLR (Cooke
et al. 2000, fig.8) are relatively low (∼ 100 kms−1) simi-
lar to those found in the clouds in the ”region of quiescent
regime” (Tadhunter et al. 2000) in the NLR cone of the
Seyfert galaxy NGC 7212, most likely a merger, and simi-
lar to the shock velocities found close to the Galactic cen-
tre (Contini & Goldman 2011) most likely a low luminosity
AGN (Contini 2011). Higher velocities are found close to the
NGC 3393 NLR centre between -20” and 20” (Cooke et al.
2000, fig.8).
2.3.3 Metallicities
In agreement with previous works on NGC 3393 (Diaz et
al., Cooke et al.), we find that Mg/H relative abundance
should be about one third of the solar value in the shock
dominated and starburst gas, while in the clouds close to
the AGN Mg/H is about solar. Solar relative abundances
from Allen (1976) are : C/H=3.3 10−4, N/H=9.1 10−5,
O/H=6.6 10−4, Ne/H=10−4, Mg/H=2.6 10−5, Si/H=3.3
10−5, S/H=1.6 10−5, Cl/H=4. 10−7, Fe/H=3.2 10−5. Gen-
erally, Mg is included into silicate grains, however at shock
velocities higher than ∼ 200 kms−1the grains are destroyed
by sputtering. Table 1 shows that the models which overpre-
dict the MgII/Hβ line ratio are msd and mbb, both calculated
c© 2009 RAS, MNRAS 000, 1–??
6 M. Contini
by Vs > 200 kms
−1. Therefore, the Mg depletion could be
due to mixing with external matter during the merger pro-
cess. The same is valid for Si.
The models were calculated adopting N/H twice solar
and C/H =0.7 solar, while the other relative abundances
were solar. However, the [SII]/Hβ line ratios depend on the
models which are matter bound. We generally choose the ge-
ometrically thickness of the clouds on the basis of [OI]/Hβ .
The larger the cloud, the higher both the [SII]/Hβ and
[OI]/Hβ line ratios, because the first ionization potential of
sulphur (10.36 eV) is much lower than that of oxygen (13.61
eV).
In Table 2 we compare the UV lines calculated by the
mAV average model (Sect. 2.3.4) with the FOS blue observa-
tions presented by Cooke et al (2000, table 9). The observed
line ratios to CIV =100 are all overpredicted by the model
by factors > 2. The carbon lines in Table 1 were well re-
produced adopting C/H =0.7 solar. Table 2 shows that a
solar abundance should be adopted for C/H and that most
probably the reddening correction adopted by Diaz et al.
was slightly misleading.
2.3.4 The average spectrum
Table 1 shows that the shock dominated model, although
fitting the [OIII] : [OII] : [OI] ratios and their ratios to Hβ ,
as well as the CIV> CIII] requirement, overpredicts most of
the UV lines by a large factor. On the other hand, the model
mbb selected in particular by the agreement of He/Hβ line
ratios, underpredicts the UV lines (except the Lyα /Hβ line
ratio), compensating the results of model msd . Therefore,
the spectra accounting for the different radiation sources
were summed up with relative weights (RW) (which appear
in the row before the last in Table 1). The average model
mAV is shown in Table 1 (col. 6) and is compared with Diaz
et al observation data (col. 2), the ground based observations
(col. 7) and FOS Red Detector observations (col. 8) reported
by Cooke et al. (2000, table 7 and table 8, respectively). In
the last column of Table 1 a fit to the ground-based low-
resolution spectra, coadded over a 8”× 8” region centered
on the nucleus (Cooke et al 2000), are given for comparison.
FOS spectra are also included in the table.
The high RW of the shock dominated model compen-
sates the very small absolute flux of the calculated lines,
(that can be calculated by the Hβ absolute flux). The RW
were selected by the best fit of mAV to the data. The cri-
teria are the same as those adopted to select models mpl,
mbb and mbb (discrepancies 6 20 % for strong lines and <
50 % for weaker lines), but considering the total combined
UV-optical spectrum.
In the last row of Table 1 the resulting percentage of
the absolute [OIII] 5007+ line for the three models is given,
4.8 % for shock dominated clouds, 77.4 % for the AGN pho-
toionizad clouds and 17.8 % for those illuminated by the
stars. The AGN contribution dominates, however both the
shock and star dominated models are not negligible because
they improve the fit to the data.
3 THE PHYSICAL CONDITIONS
THROUGHOUT THE GALAXY
To obtain some information about the distribution of the
physical conditions throughout the NLR, we present in Fig.
1 the modelling of the spectra reported in the different re-
gions of NGC 3393 by Cooke et al. (2000, fig. 5). The lines
are the most significant ([OIII], Hβ , Hα and [NII]), but they
are too few to constrain the models. Nevertheless, we have
tried to build up a grid on the basis of the models which were
used to fit the spectrum observed by Diaz et al. (Table 1).
The input parameters of the models are described in Table
3. In Fig. 1 we show the results selected from the grid. They
reproduce the observed [OIII]/Hβ and [NII]/Hα line ratios,
corresponding to different physical situations. The models
however, are not constrained by the other line ratios (see
Table 1). If these lines were observed in the different regions
of NGC 3393 NLR, some models would disappear from Fig.
1. However, Table 3 shows that the input parameters in-
cluded in the grid, change smoothly throughout ranges that
are consistent with the Seyfert 2 NLR physical conditions.
avoiding unsuitable large jumps.
3.1 Calculation results
Notice that for certain strong line ratios, e.g. [OIII]/Hβ , a
high flux from the AC and a high shock velocity can give
similar results, while the other spectral lines change, so the
results are shifted in different positions through Fig 1. The
same may occur for star dominated and AGN dominated
models calculated with different geometrical thickness.
We adopted N/H twice solar, on the basis of the mod-
elling of the average spectrum. Fig. 1 shows that calculating
the models by N/H between 1 and 2 solar, we could repro-
duce all the Cooke et al (2000, fig. 5) data.
The observations cover the NLR throughout the galaxy.
In this regions the FWHM of the line profiles show different
velocities from < 100 kms−1to > 400 kms−1(Fig. 2). Shocks
are created by the underlying turbulence, which may origi-
nate from collision and merging of galaxies, leading to frag-
mentation of matter. Therefore, the models are calculated
by different geometrical thickness.
The power-law dominated models are matter bound.
We have calculated the line ratios at different distances from
the shock front in each cloud (Table 3), mimicking fragmen-
tation. The results are indicated in Fig. 1 by the + over the
curves at the distances (D) reported in Table 3. Lower D
correspond to higher [OIII]/Hβ .
High velocity models (∼ 300-400 km s−1) with a flux
log(F )6 12 and different geometrical thickness reproduce
most of the cloud spectra (solid blue and green lines). Low
velocity (∼ 100 kms−1) power-law flux dominated models
(blue dashed and dot-dashed lines) reproduce the spectra
showing both high [OIII]/Hβ and high [NII]/Hα line ratios.
Shock dominated models were calculated for the dif-
ferent Vs indicated by + over the curves. The values are
given in Table 3. Higher Vs correspond to lower [OIII]/Hβ .
Characteristic of shock dominated models are the relatively
high [NII]/[OIII] line ratios (red dashed and dot-dashed
lines), but at high n0 > 1500 cm
−3 (red solid lines) the
[NII]/Hα line ratios decreases due to the relatively low crit-
ical density for collisional deexcitation of [NII].
c© 2009 RAS, MNRAS 000, 1–??
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Figure 1. Modelling the data from Cooke et al (2000, fig.5). Black body radiation (+shock) models are represented by magenta lines,
power-law photoionization (+shock) models are represented by blue-cyan-green lines and the shock dominated models (F=0) by red
lines. The black solid line shows the division between HII regions and AGN, as given in Cooke’s et al. (2000, fig. 5). The black asterixs
represent the models used in Table 1, the encircled asterix represents the average model mAV . Triangles and encircled triangles reproduce
Cooke et al data for AGN and HII regions, respectively. Model details are given in Table 3
Table 3. The models adopted to explain the data in Fig. 1
Vs n0 log F T∗ D type symbol
(km s−1) (cm−3) - (104K) (cm) - -
100 3000 12.36 - 2.9e16-3.9e16-4.9e16-5.9e16-7.9e16-1.e17 pl dashed blue
100 3000 11.3 - 1.e15-2.6e15-3.e15-4.2e15-1.26e16-2.26e16 pl dot-dashed blue
100 2000 9.7 - 6.e13-1.4e14-2.4e14-2.9e15 pl solid cyan
300 2000 11. - 4.3e14-4.5e14-5.e14-1.1e15-2.5e15 pl solid blue
400 2000 11. - 5.48e14-5.5e14-5.6e14-5.9e14-6.9e14 pl solid green
400 2000 11.77 - 5.8e14-7.e14-1.8e15-4.28e15-1.17e16 pl dashed green
600 300 U=1. 2.6-3.6-4.6-5.6-8.6 1.e16 sb solid magenta
100 1000 U=0.4 3.0-4.0-5.0 1.e16 sb dashed magenta
100 1000 U=0.5 2.6 -3.0-4.0-5.0 1.e16 sb dot-dashed magenta
100-200-300-400-500 1000 - - 6 1016 sd dot-dashed red
100-200-300-400-500 100 - - 6 1016 sd dashed red
100-200-300-400-500 1500 - - 6 1016 sd solid red
The star radiation dominated models were calculated
at different effective star temperatures (Table 3) which are
indicated by + over the curves. The higher T∗ the higher
[OIII]/Hβ . The black-body flux calculated by a high T∗ (6
8.6 104 K) (magenta solid line) contributes to reproduce the
spectrum observed by Diaz et al (Table 1). At relatively low
T∗ (6 5 10
4 K) the model results follow the line separating
the AGN from the HII regions. The line ratios from the
HII regions (Cooke et al. 2000, fig 5, open circles) are well
fitted by the star dominated model calculated by a black
body flux corresponding to T∗ 6 5. 10
4 K. The ionization
parameter which better fits the spectrum observed by Diaz
et al is U=1, but lower U (0.4-0.5) characterize the spectra
from the HII regions (magenta dot-dashed and dashed lines,
respectively).
3.2 Interpretation of the data
We refer to Fig. 2. The modelling is constrained only by the
FWHM of the line profiles and the [OIII]/Hβ line ratios. We
consider that the FWHM indicate roughly the shock velocity
Vs in the observed position.
Schematically, we distinguish four types of clouds : 1)
high [OIII]/Hβ , high Vs ; 2) high [OIII]/Hβ , intermediate
Vs ; 3) high [OIII]/Hβ , low Vs ; 4) low [OIII]/Hβ , low Vs .
High [OIII]/Hβ are close to 10 and the low ones are close to
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8 M. Contini
Figure 2. Line width (FWHM(km s−1)) (top panel) and log([OIII]/Hβ ) (bottom panel) as a function of distance from the centre,
adapted from Cooke et al (2000, fig.8). Circles indicates high ionization gas; open circles represent locations with the largest line widths;
shaded and filled circles distinguish different spatial regions; small asterisks indicate low ionization gas.
1. High Vs are ∼ 400 km s
−1, intermediate are 100 < Vs <
400 kms−1, low Vs are ∼ 100 km s
−1.
In particular, the velocities as well as the [OIII]/Hβ flux
peak at the centre of the NLR, within -0.5 and 0.5 arcsec.
Our models (Fig. 1) show that the emitting gas is ionized
by the power-law flux from the AGN (log(F ) ∼ 11- > 12).
Relatively strong shocks are at work, characterizing the ve-
locity field (Vs =400 kms
−1) and yielding fragmentation of
the clouds which is revealed by their low geometrical thick-
ness D. The emission line fluxes from the clouds illuminated
by stars with T∗ ∼ 8.6 10
4 K are blended with those pho-
toionised by the AGN power-law flux. Eventually, also shock
dominated clouds contribute.
The top panel of Fig. 2 shows that high and low veloc-
ities coexist at slightly larger radii from the centre, while
log ([OIII]/Hβ ) are rather constant at two values : > 1
and ∼ 0. - 0.5 (bottom panel). The lowest ratios are bet-
ter explained by the black-body photoionization in HII re-
gions, while the highest ones are reproduced by both power-
law radiation dominated and shock dominated clouds corre-
sponding to different Vs . Notice that the AGN dominated
model explains the Vs =100 km s
−1clouds with high ioniza-
tion throughout most of the NLR from East to West.
The FWHM picture is hardly symmetric, even close to
the centre, due to clouds corresponding to higher Vs on the
East. At about -10” the ionization jumps to high values
(Fig. 2 bottom panel), which can be explained by shock
dominated clouds with rather low velocities (∼ 100 km s−1)
and the stars correspond to the low ionization gas (small
asterisks). Particularly, at -30” some highly ionised clouds
with Vs > 100 km s
−1indicate shocks outside the NLR bulk.
We interpret them as a collision record. On the West (Fig.
2), the shock dominated clouds are less evident but cannot
be excluded.
4 THE CONTINUUM SED
The SED of the NGC 3393 continuum is shown in Fig. 3.
The data come from the NED (Levenson et al. 2006; Kinney
et al 1993; Munoz Marin et al. 2007 ; Lauberts & Valentijn
1989; De Vaucouleurs et al 1991; Doyle et al. 2005; Peng et
al. 2006; Moshir et al. 1990, Gandhi et al. 2009; Griffith et
al. 1994; Condon et al. 1998).
We try to reproduce the data by the same models as
those which lead to the fitting of the combined optical-UV
spectrum presented by Diaz et al. (1988). Two lines corre-
spond to each model, one representing the bremsstrahlung
emitted from the gas and the other showing the dust repro-
cessed radiation flux. Recall that the dust reradiation peak
shifts at higher frequencies the higher the shock velocity,
because dust grains are heated collisionally by the gas and
radiatively by the power-law or black-body flux. Collisional
heating prevails at relatively high shock velocities. Also the
maximum frequency of the bremsstrahlung increases with
the shock velocity (Contini, Viegas, Prieto 2004).
Therefore we present in Fig. 3 the bremsstrahlung calcu-
lated by model mbb which was calculated by Vs =600 kms
−1.
The calculation results give a good fit to the observed soft
X-ray data. Model mpl calculated by photoionization from
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Figure 3. Comparison of model results with the continuum SED. The data from the NED : black circles; blue solid line : model mpl;
magenta solid line : mbb ; red solid line : msd; red dashed line : shock dominated model calculated by Vs =1000 km s
−1and n0 = 1500;
black lines : solid: black body flux calculated by T=3000 K; dashed line : the same for T=4000 K which represent the old background
star population; dot-dashed line : the black body flux corresponding to 8.6 104 K; cyan dashed lines limit the ”obscured window”.
the AGN and a relatively low velocity, Vs =100 kms
−1, re-
produces the data in the near UV.
The data in the radio frequency range are few but
enough to show that the flux is a bremsstrahlung with some
self-absorption of free-free radiation. The bremsstrahlung
are emitted by the same power-law and star black-body
dominated models which fit the flux in the near-IR and in
the soft X-ray ranges, respectively. The radio emission is
optically thick to free-free absorption in luminous infrared
galaxies (Condon et al 1991), in agreement with model calcu-
lations. Actually, radio synchrotron radiation by the Fermi
mechanism at the shock front is not observed in NGC 3393.
Fig. 3 shows that the IR data are well reproduced by
the sum of the reprocessed radiation fluxes calculated by
mbb and mpl models which appear in Table 1. The IR peak
corresponds to a relatively low dust-to-gas ratio (∼ 10−4 by
mass).
The peak in the optical-UV range is due to the old back-
ground star population. The data are nested inside the black
body curves corresponding to star temperatures between 3
and 4 103 K. The young hot stars predicted by model calcu-
lations have a temperature of 8.6 104 K. The corresponding
black body flux peaks in the UV frequency range. However,
below the Lyman limit, up to 0.2 keV, we have very lit-
tle observational information; the observations are difficult
because of the heavy absorption by our Galaxy (Fig. 3).
Our results agree with Levenson et al. (2006) who fit-
ted the NGC 3393 nuclear and central spectra by models
which account for gas heated at a temperature of ∼ 3.9 105
K. Such a temperature can be found downstream of a shock
with Vs > 160 kms
−1. Moreover Levenson et al report that
most of the soft X-ray emission (> 60 %) is spread (as well
as the optical one) throughout an area of 1700pc × 770
pc. Actually, the consistent modelling of the line and con-
tinuum spectra presented in the previous sections indicates
that shocks are present throughout the whole NLR with ve-
locities between 100 and 600 kms−1.
Levenson et al claim that most of the hard X-rays
are emitted as reflection continuum emission from the ob-
scured AGN. Although broad FWHM line profiles were
not observed in the optical-near IR spectra observed up to
now, nevertheless, Fig. 3 shows that bremsstrahlung emitted
downstream of shocks corresponding to at least Vs = 1000
kms−1might contribute to the hard X-rays emission. More-
over, the near-IR reradiation by dust calculated by such a
high Vs , would complete the fit of the IR data in NGC 3393.
5 DISCUSSION AND CONCLUDING
REMARKS
Modelling the spectra in the previous sections we have ob-
tained the physical and chemical conditions throughout the
NLR of the NGC 3393 Seyfert galaxy. In this paper we
searched for some evidence of merging within this galaxy,
following the results of the observations in the X-ray pre-
sented by Fabbiano et al (2011). They found that two black
holes coexist in the centre of the galaxy.
The collision of two galaxies suggests immediately that
shock waves will result leading in general to star formation
in the centre (Cox et al. 2008) and throughout the galaxy.
Therefore our models account for gas+dust clouds ion-
c© 2009 RAS, MNRAS 000, 1–??
10 M. Contini
ized and heated by the power-law flux from the active cen-
tre(s), by stars and by the shock.
We have found that the power-law radiation flux from
the AGN largely dominates the spectral emission from the
gas clouds throughout the galaxy. The flux ranges between
∼ 1011 and ∼ 3 1012 in number of photons cm−2 s−1 eV−1
at the Lyman limit, which is characteristic of the NLR of
AGN. Due to their small distance, we treat the two black
holes as the unique source of power-law radiation flux.
The preshock densities are unusually high, by a factor
of ∼ 10 higher than in the NLR of Seyfert galaxies. Higher
densities can reveal that a shock front has crossed the collid-
ing region compressing the gas throughout the galaxy. The
shock wave was most probably the result of different densi-
ties on large scales in the colliding galaxy gas.
We have searched for the distribution of the shock fronts
and their strength throughout the galaxy and in the sur-
rounding medium. By modelling the spectra in the optical-
UV range, we have found that shock velocities range between
100 and 600 kms−1. The velocities peak in the central region
of NGC 3393 (Fig. 2). The merging of the disc matter could
occur through fragmentation of dust and gas clouds, typical
result of turbulence at the shock front. Indeed fragmentation
is predicted by modelling the emitting cloud spectra which
shows various and small geometrical thickness.
Downstream of the shock fronts the gas is compressed
and heated to temperatures which depend on the shock
velocity. The spread of shock fronts throughout the NLR
agrees with Levenson et al (2006) who claim that NGC 3393
is characterised by extranuclear soft X-ray emission.
A galaxy collision evidence in NGC 7212 was pro-
vided by the observations (Cracco et al 2011) of high
[OIII]/Hβ line ratios and relatively large [OIII] FWHM pro-
files outside the NLR cone edges. A similar case is found
in NGC 3393. Cooke et al. (2000, fig. 8) show a region to
the NE, separated from the core, which they identified with
the bright patch of [OIII] emission line at ∼ 20”E, 20, 20”N
of the nucleus. They claimed it could be some kind of bow
shock. We suggest that these patches could be the record of
a collisional event.
Our results show that stars are present in NGC 3393
with a series of temperatures, from 3 104 to 8.6 104 K. Those
corresponding to the highest temperature (T∗ =8.6 10
4 K)
are explained by Wolf-Rayet stars. The clouds in the neigh-
bourhood of the high T∗ stars have pre-shock densities of
300 cm−3 , shock velocities Vs ∼ 600 kms
−1and the ion-
ized matter is highly fragmented. Fig. 2 shows that they are
most probably located close to the galaxy centre, whereas
the oldest stars accompanied by relatively low velocities (100
kms−1) are located throughout the NLR.
The results of Cox et al (2008) analysis of the starbursts
that result from tidal forces in mergers, indicate that galax-
ies with similar mass produce the most intense bursts of star
formation, while mergers of galaxies with different mass are
not expected to give birth to new stars. A starburst generally
appears in the centre of merging Seyfert galaxy, between the
black holes (e.g. in NGC 6240). Starbursts are not predicted
in NGC 3393 by the population model analysis of Cid Fer-
nandes et al (2004) who evaluated a 4% fraction of young
stars and 83% of old stars. However, we have found that
high velocity clouds illuminated by the young hot stars con-
tribute by 17.8% to the [OIII] 5007+ line flux compared to
low velocity clouds ionised by the AGN which contribute by
6 80 % in the NLR. The high velocity gas surrounding the
hot stars provides a relatively large fraction of the central
X-ray flux. The relative fraction of the young hot stars can-
not be easily evaluated because the continuum SED of NGC
3393 shows that the black body flux corresponding to T=8.6
104 K peaks in the UV frequency range where absorption by
our Galaxy is very strong (Fig. 3).
Wolf-Rayet stars of type N are characteristic of strong
winds spreading nitrogen rich gas in the NLR. In fact, Table
1 indicates that the emitting nitrogen-rich gas exhibits the
highest velocities. Our modelling shows that besides matter
ejected from the stars, also the shock dominated clouds with
Vs =300 kms
−1would better fit the [NII]/Hβ data adopting
N/H relative abundance at least twice solar. These clouds
are most probably screened from the star radiation flux by
dusty clumps or/and are too far to be reached by the pho-
toionizing flux.
The metallicity of the wind is the same as the metal-
licity of gas in the star-forming region from which the wind
emerges (Torrey et al 2011). Nitrogen rich NGC 3393 results
from the competition between included low-metallicity gas
and enrichment from star formation. Yet metallicity is gen-
erally related with the oxygen abundance. In previous sec-
tions we have found solar O/H relative abundances adopting
Allen (1976) values (O/H= 6.6 10−4) in the calculation of
the spectra. The solar abundances presented by Anders &
Grevesse (1989) and Feldman (1992) give O/H=8.51 10−4,
reducing the metallicity in NGC 3393 to 0.78 solar. We found
also depletion of Mg by a factor of ∼ 3, compared to solar.
Mg cannot be trapped into dust grains which are sputtered
throughout the strong shocks.
We suggest that the low O/H and Mg/H relative abun-
dances show mixing with external matter as a result of merg-
ing. The high N/H is an ”indirect” evidence of merging, be-
cause it is a product of the central stars which, in turn, are
created by the collision of near-equal mass galaxies.
In conclusion, by modelling the spectra of NGC 3393 we
have found some evidence of galaxy collision and merging.
Our results obtained by consistent calculations are valid, but
not definitive due to scarcity of data.
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